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Two subcarrier data modulations
s(t) = V2P, cos [wit+0 m () cos w, t
+0,m,(7) cos w, ] (12.2-11)

where
01 ,02 = modulation indicies
m, (£),m,(f) = data streams |
= subcarrier frequencies

W0,

Single square-wave subcarrier

s(t) = /2P cos [wyt + fm(f) Sq(wgt)] (12.2-12)
where
8 = modulation index
m(f) = data stream
wg = square-wave subcarrier frequency
Sq(wgf) = square-wave subcarrier

Sgn cos (wst)

Direct carrier data modulation

s(t) = V2P, cos [wt + fm(D)]
= V2P cos (B) cos wt

= V2P, sin (B) m(?) sin w, .t (12.2-13)
Frequency-shift-keyed (FSK) subcarrier
t
s(r) = V2P, cos I:th + B cos {wst+ Aw f m(\) d)\}] (12.2-14)
where Aw is the FSK deviation (Aw = 27 Af). Note that the instan-

taneous subcarrier frequency is wg + Awm(?).

Analog FM subcarrier
t
s(t) = /2P cos {th + 8 cos {wst + 217Kf f x()\)d?\}:l (12.2-15)

where
K = subcarrier FM deviation sensitivity
x(t) = analog modulating signal
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12.3 TDRSS Telecommunications Interfaces

TDRSS is a satellite-based data transfer and tracking facility. Using two opera-
tional geostationary satellites and a single ground facility, the TDRSS is able to
service user satellites in earth orbit between altitudes of 200 and 12,000 km.

12.3.1 General System Configuration and Services

The TDRSS consists of two operational satellites in geostationary orbit sepa-
rated 130 deg in longitude. Additionally, an in-orbit spare satellite is available to
replace either of the operational satellites in the event of a failure. The principal
ground facility that communicates with both operational satellites is located
within the White Sands Test Facility (WSTF).

A user satellite is defined as an earth satellite operating generally between the
altitude limits of 200 and 12,000 km. (Specific coverage limits are given in
Subsection 12.3.2.) Because the TDRSS satellites are in geostationary orbit
(approximately 35,800-km altitude), the user satellite “looks up” to establish
communication. A single TDRSS satellite is able to “see’” somewhat more than
50% of all the user satellites at any given time.

The RF link from the WSTF through the TDRSS satellite to the user satellite
is known as the forward link. The reverse situation is the return link. Since the
TDRSS is a communication service, it is not explicitly concerned with the con-
tents of the data that is transferred on either the forward or return link. No
processing of data in either direction, other than reception, frequency transla-
tion, and amplification, is performed by the satellite. Thus, the satellite func-
tions as a “bent-pipe” repeater, with all signal processing being accomplished
aboard the user satellite or at the WSTF.

Four principal services are available: (1) doppler tracking, (2) ranging, (3) for-
ward link data (command), and (4) return link data (telemetry). Single access
(SA) links (one user per assigned channel) are available at both S-band and
Ku-band, while multiple access (MA) links (several users per assigned channel
by means of spread spectrum modulation) are provided at S-band only. Multiple
access is designed to serve relatively low data rate users (<1.5 Mbps'), while
single access will accommodate data rates as high as 300 Mbps! at the Ku-band
frequency.

Finally, the interface between the WSTF and the user’s ground facility/
center is provided by the NASA Ground Communication System (NASCOM).
NASCOM’s capabilities are not discussed in this document; interested readers
are referred to [12-4].

! Return link limits.
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Before proceeding to the detail sections that follow, it should be noted that
it is not the purpose of this document to provide an exhaustive treatment of the
TDRSS. Rather, the intent is to orient prospective users and interested readers
to the most important features of the system so that a working understanding of
the principal functions and how they are accomplished may be attained. Perfor-
mance parameters as provided are therefore somewhat abridged, and full particu-
lars may be obtained from [12-4] and [12-5].

12.3.2 User Spacecraft Orbital Coverage

Figure 12-7 shows the TDRSS satellite placement and orbital coverage for
user satellites [12-6]}. With a longitudinal spacing of 130 deg between the two
satellites, there exists a small shadow zone, or zone of exclusion (ZOE), centered
on the Indian Ocean.

The ZOE establishes the lower-altitude coverage limits for TDRSS users, and
the amount of coverage that can be provided to user spacecraft is a function of
the user’s altitude and inclination. Users at low altitudes and low inclinations
will pass through the ZOE each orbit and receive the least coverage. Users at high
altitudes and high inclinations will pass through the ZOE only periodically (e.g.,
a user at 1000 km and 99-deg inclination will pass through the ZOE once per
day or less, although the duration of this passage will be greater than for a lower
inclination satellite).

For orbital altitudes greater than 1200 km, 100% coverage can be provided
up to 2000 km for the MA service and 12,000 km for the SA service. In sum-
mary, the following general coverage may be expected:

(1) Minimum coverage of 85% at 200 km.

(2) Coverage at 100% between 1200 and 2000 km for the MA service and
between 1200 and 12,000 km for the SA service.

(3) Coverage decreases above 2000 and 12,000 km for the MA and SA ser-

vices, respectively.

Figure 12-8 shows the ZOE for several user satellite altitudes.

12.3.3 Frequency Plan

Figure 12-9 depicts the MA and SA forward and return link frequency plan,
and Table 12-9 summarizes the number of active channels available for each type
of data service. MA designates multiple access (available at S-band only), while
SSA and KSA are, respectively, S-band single access and Ku-band single access.

Figure 12-9 indicates that a single S-band frequency pair is assigned to the
forward and return MA service. For the case of the MA return link, Table 12-9
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Table 12-9. Active channels available

Service MA SSA KSA

Forward link services

Quantity of links per satellite 1 2 2
Total links for the TDRSS 3* 6* 6*

Return link services

Quantity of links per satellite 20 2 2
Total links for the TDRSS 20 6* 6*

*Totals include the spare satellite.

shows that 20 links are possible per satellite, but that the system can accommo-
date a maximum of 20 MA channels at any given time irrespective of whether
1, 2, or 3 satellites are involved. The reason for this limitation is that the MA
satellite antenna system uses an array of 30 helix antennas to form up to 20
independent beams directed toward user satellites. A limit of 20 beams is set by
the ground station equipment which functions to actively command the satel-
lite’s beam forming network in order to place and maintain each beam on its
designated user satellite.

SSA services are provided for a range of assignable frequencies, while the
KSA services operate on a single Ku-band frequency pair. Each satellite can
provide a maximum or two SSA links and two KSA links because there are two
independent SA reflector antennas per satellite, each having dual-frequency
feeds. However, since SA antenna pointing is accomplished by mechanical
steering of the reflector, two user satellites may be serviced simultaneously by
the antenna (one at S-band and the other at Ku-band), provided they are both
spatially within the beam.

12.3.4 Definitions of User Services

12.3.4.1 Multiple access forward link data. The MA forward link service through
each satellite can support only one user at a time. The TDRSS (including the
in-orbit spare satellite) provides the capability for three MA forward link ser-
vices. Only the two MA forward link services through the two operational
satellites will be continually available for user support. These services will be
time-shared by all MA users. All MA users will operate at the same irequency
and polarization, and will be discriminated by unique PN codes and antenna
beam pointing. MA forward link data is usually used for spacecraft command
purposes, and is limited to a maximum bit rate of 10 kbps.

12.3.4.2 Single access forward link data. Each satellite can provided two SSA
forward link services. The TDRSS (including the in-orbit spare satellite) provides
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the capability for six SSA forward link services. Only the four SSA forward link
services through the two operational satellites will be continually available for
user support. These services will be time-shared by all SSA users. SSA users will
be discriminated by frequency, polarization, unique PN codes, and antenna
beam pointing. An SSA forward link can also be used to provide forward link
service with increased signal EIRP to an MA user. Maximum SSA data rate is 300
kbps.

Each satellite has the capability to provide two KSA forward link services.
The TDRSS (including the in-orbit spare satellite) provides the capability for six
KSA forward link services. Only the four KSA forward link services through the
two operational satellites will be continually available for user support. These
services will be time-shared by all KSA users. KSA users will be discriminated by
polarization, unique PN codes, and antenna beam pointing. The KSA forward
link maximum data rate is 25 Mbps.

12.3.4.3 Multiple access return link data. The MA return link data services
provide simultaneous real-time and dedicated operations to low earth-orbiting
user spacecraft with real-time data rates up to 50 kbps. Return link support can
be provided to each of 20 users during the entire portion of their orbit visible
to a satellite (a minimum of 85% of the orbital period). Based upon current
mission model projections, no scheduling restrictions should be encountered for
return link service. All MA users operate at the same frequency and polarization,
and will be discriminated by unique PN codes and antenna beam pointing.

12.3.4.4 Single access return link data. In general, the SA return link data
services provide a number of data rate options depending on whether S-band or
Ku-band links are employed. Return link service at S-band will provide data
rates up to 12 Mbps, and a Ku-band will provide data rates up to 300 Mbps,
although maximum rate services will only be provided on a priority scheduled
basis, and will not normally be used for dedicated support to any user satellite.
SA return link data services are time-shared by all users. Discrimination is based
on a combination of frequency, unique PN codes, antenna beam pointing, and
polarization.

12.3.4.5 Cross-support data services. The MA services may be thought of as
a subset of SSA services since the MA radio frequency falls within the SSA fre-
quency band, and the MA data rates and formats are a subset of the SSA capa-
bilities. Thus, any user satellite designed to operate as MA could be supported in
the TDRSS SSA mode. The principal advantage of such cross support is the
higher TDRSS satellite antenna gain (approximately 8 dB). Thus, a given user
satellite could be designed to provide continuous real-time return link data
operating in the MA mode, while periodically receiving SSA support of, say,
a special high data rate experiment.
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12.3.4.6 Tracking services. All of the above data services (12.3.4.1 through
12.3.4.5) simultaneously provide range and range-rate (R&RR) tracking data for
each user satellite. This information is derived from a combination of the PN
code displacement (delay) and doppler processing. Accuracies are comparable
to that from the ground-based STDN.

12.3.4.7 Simulation and verification services. The TDRSS includes a user
simulator for calibration and verification of forward, return, and tracking
services, and also for simulation of user/TDRSS forward and return links. The
user simulator makes it possible to verify or simulate one MA, one SSA, and two
KSA services simultaneously. TDRSS users are also provided a flexible set of
testing functions prior to and as part of operational activity with the TDRSS.
This includes user data and RF compatibility, network data flow for interface
testing, and a full range of simulation services for a network operations and
procedures familiarization.

12.3.5 Forward Link General Signal Form

All forward link services have a common signal form so that the user’s satel-
lite transponder receiver may be functionally identical for each class of service
(MA, SSA, KSA). The main difference involves the frequency conversions from
RF (S-band or Ku-band) to a common IF. In fact, an S-band transponder needs
simply an external converter to enable it to operate with the Ku-band signal.

Each forward link service signal consists of a PN spread spectrum command

channel in carrier phase quadrature with a PN code modulated ranging channel.
The mathematical form of the signal is given by:

s(t) = V2(0.91) P PN,(¢) c(2) cos wi ++/2(0.09)F, PNQ(t) sin wt

——— T T —— —~— T ~———
I channel Q channel
(12.3-1)
where
w = 2nF = carrier frequency

P, = signal total power

c(#) = command bit stream

PNI = command channel PN code

PN 0" ranging channel PN code

The PN, code length is 2' - 1 = 1023 chips, while the PN, code length is
218 - 28 = 261,888 chips. The ratio of the Q to I code lengths is 256, and both
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codes run from the same clock (approximately 3.1 MHz). Both codes are epoch-
synchronized so that when the shift-register generator which produces the PN,
code passes through the all “1” state, the PNV, code shift-register generator is also
passing through its all “1” state. Such epoch synchronization facilitates PN code
acquisition in the user’s transponder.

It is also noted that the power ratio between the I and Q channels is 10:1.
Thus, 91% of the power is devoted to the command data. No data modulates the
Q channel.

The forward link signal parameters for all classes of service are given in Table
12-10. A user transponder receiver’s frequency is nominally specified to be f.
The nominal carrier frequency (f) transmitted by the TDRSS satellite is com-
pensated for doppler so that the received carrier, f5, arrives at the user space-
craft within a predictable tolerance (e) of f, i.e., fp = f % e. This feature mini-
mizes the doppler resolution requirements of the user transponder and the
corresponding time to acquire. Doppler compensation is available continuously
to facilitate reacquisition by the user spacecraft in the event of temporary loss of
signal. Doppler compensation is inhibited during periods of coherent two-way
doppler measurement.

The use of a short-cycled PN code for the range channel allows optimization
of the command channel PN code. This feature permits use of Gold codes for
the command channel providing a code library with good cross-correlation prop-
erties. The complete PN code library, documented in [12-7], is sufficiently large
to allow a unique code set assignment for each user satellite.

The PN chip rate is coherently related to the transmitted carrier frequency in
all cases. This feature permits the user transponder to use the receiver PN clock
(acquired before the carrier) to predict received carrier frequency, thereby
minimizing transponder complexity and acquisition time.

Forward link data is directly modulo-2 added to the command channel PN
sequence. Since the PN clock and carrier are doppler-compensated, the forward
link data will generally be asynchronous with the PN code. Command data
greater than 300 kbps will binary-phase-shift-key (BPSK) modulate the KSA
forward link carrier, and the range channel will not be transmitted for this
condition.

An example of a forward link MA service link budget is presented in Table
12-11.
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Table 12-10. Forward link signal parameters

Parameter

Definition

Transmit carrier frequency, Hz

Carrier frequency arriving at user

spacecraft, Hz

Command channel radiated power _ i
Range channel radiated power 0

10dB

Range channel

Carrier frequency

PN modulation

Carrier suppression

PN chip rate

PN code length, chips

PN code epoch reference

PN code family

Command channel carrier frequency delayed
/2 rad

PSK, £ 7/2 1ad

30 dB minimum

Synchronized to command channel PN chip rate
(210 - 1) x 256

All ““1” condition synchronized to the command
channel PN code

Truncated 18 stage shift register sequences

Command channel

Carrier frequency, Hz

PN modulation

Carrier suppression

PN code length, chips

PN code family

PN chip rate, chips/sec

Data format

Data rate restrictions

Data modulation

Transmit carrier frequency ()
PSK, + n/2 rad

30 dB minimum

210
Gold codes

MA SSA KSA

31 31 31

X

»ix9e < f|31 %96 X7 | Tagoxoe X
NRZ NRZ NRZ
0.1 -10kbps [0.1 - 300 kbps | 1 kbps - 25 Mbps

Modulo-2 added asynchronously to PN code
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Table 12-11. Typical forward link MA service link budget

BER 10°°
TDRS antenna gain, dB 23.0
TDRS transmit power, dBW 13.0
RF transmit loss, dB -1.0
Transmitted EIRP, dBW, peak (S + N) 35.0
TDRS transponder loss, dB -1.0
Peak signal EIRP, dBW 34.0
Antenna pointing loss, dB 0.0
Signal EIRP, dBW 34.0
Space loss, dB -191.6
Polarization loss, dB -0.5
User gain/noise temperature, d B/K G/T
Power/noise spectral density, dB-Hz 70.5+ G/T
UQPSK loss, dB -0.5
Demodulation loss, dB -1.5
PN loss, dB ~-1.0
Required Eb/N o 4B (APSK) 9.9
User margin, dB -3.0
Achievable data rate, dB 546 +G/T

12.3.6 Return Link Data Groups and Modes

The return link data services are divided into two data groups: DG1 and DG2.
DG1 signal parameters are further subdivided into three operating modes, distin-
guished as follows:

(1) Mode 1 is used for two-way doppler and range measurements. The return
link PN code length is identical to, and epoch-synchronized with, the for-
ward link PN code received from the TDRSS. Acquisition of the Mode 1
return link signal by the WSTF may take place only after the forward
link has been acquired by the user’s transponder receiver, and the trans-
ponder is functioning in the coherent turn-around mode. When a user
transponder functions only in Mode 1, it is not necessary to maintain for-
ward link acquisition once the return link has been established. However,
loss of forward link tracking by the user transponder must not introduce
“transients” that can cause loss of return link tracking.
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(2) Mode 2 is used when return link acquisition is desired without the
requirement for prior forward link acquisition. This mode of operation
uses short, easily acquired PN codes.

(3) Mode 3 is used when two-way range and doppler measurements are
required simultaneously with high-rate telemetry data. Restrictions on
Mode 3 acquisition are identical to that for Mode 1. In Mode 3, the Q
channel contains only data and is not restricted by the PN rate. For MA
users, Mode 3 is available only when supported by the SSA service.

DG?2 parameters are used when the data rate requirement exceeds the capa-
bility of DG1. DG2 operation cannot provide range tracking since return link PN
modulation is not used. The DG2 carrier can be either coherently related to or
independent of the forward link carrier frequency. Two-way doppler tracking
will be provided when the DG?2 carrier is coherently related to the forward link
carrier frequency. DG2 operates in a single mode.

12.3.7 Return Link General Signal Form

Like the forward link, a degree of commonality exists between the various
return link signal forms.

The mathematical form of the signal for DG1, Modes 1 and 2 ,is:

s(r) = V2PPN(1)d (1) cos w, 1 +~/2P PN, (¢ = T [2)d (1) sin w, t

(12.3-2)
where
w, = 2mf, = carrier frequency
B, PQ = component powers, with three possibilities: PQ/PI =1,2,4

PN/, PN, 0 = different, equal length, PN sequences

~
[}

PN chip period

QU
Q
1]

independent data bit streams that may have identical or differ-
ent bit rates

Note that the PN, sequence is time displaced by 1/2 chip relative to the PN,
sequence. The distinct difference between the signal for each mode is that the
PN code lengths for Mode 1 are 218 - 28 chips, while for Mode 2 they are
21 - 1 chips in length.

The mathematical form of the signal for Mode 3 is:
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s(t) = \/FIPN](t)dI(t) cos w, ¢+ \/2PQdQ(t) sin w, 7 (12.3-3)

All components are as defined for (12.3-2). No PN is employed on the Q chan-
nel; otherwise, the qualifications of the components are identical to Mode 1.

The DG2 signal mathematical form is:
s(t) =/ 2PIdI(t) cos w1 +4/ 2PQa'Q(t) sin w, ¢ (12.3-4)

where w, = 2nf, = carrier frequency. Other components are as defined for
(12.3-2) with the exception that P/P, =1 or 4 for QPSK modulation. BPSK
modulation is also allowed, in which case PI =0or PQ =0.

Table 12-12 summarizes the salient return link signal parameters. Qualifying
information is given in the following paragraphs.

The user transmit frequency for DG1 Mode 2 or DG2 service must be defined
by the user to an accuracy of 700 Hz for MA or SSA and +5 kHz for KSA
when requesting return link service.

Staggered quadriphase PN (SQPN) modulation is used for DG1 Modes 1 and 2.
With this feature, the spectral characteristics out of a saturated power amplifier
will to a great degree retain the spectral characteristics of the band-limited input
signal. This results in better control of out-of-band emissions, which provides
more efficient communications and less interference to spacecraft using adjacent
frequency channels.

For Mode 1 operations, the I and Q channel PN codes are generated from a
single linear shift register. The I and Q channel PN codes are identical but offset
by at least 20,000 chips. This separation is adquate for TDRSS to uniquely
identify each data channel without requiring a unique linear shift register for
each channel. User-unique PN code assignments (refer to [12-7]) include shift
register tap connections for generating the assigned codes.

The return link data is modulo-2 added asynchronously to the PN code (DG1,
Modes 1, 2, and 3). In the case of Mode 1 or Mode 3 operation, this eliminates
the doppler on the PN code from affecting the telemetry data rate. For Mode 2
it eliminates the need for synchronizing the spacecraft data block with the user
transponder PN clock.

The PN clock is coherently related to the transmitted carrier frequency in all
cases. This feature permits the user transponder to use a common source for gen-
erating carrier and clock, and also permits TDRSS to use the PN clock to aid
carrier acquisition.
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Table 12-12. Return link signal parameters

Parameter

Definition

Transmit carrier frequency (Hz)

Data Group 1 fl
Data Group 2 5
Data Group 1
PN modulation
Modes 1 and 2 SQPN

Mode 3, I channel
PN code length, chips

Modes 1 and 3
Mode 2

PN code epoch reference
Mode 1

I channel

Q channel

Mode 2

I channel
Q channel

Mode 3, I channel
PN code family

Modes 1 and 3
Mode 2

Data format

Without convolutional
coding

With convolutional
coding

Data modulation
Modes 1 and 2
Mode 3

I channel
Q channel

PSK, + n/2 rad

@' -1)x 256
2111

All ““1” condition synchronized to all “1” condition of
received forward link range channel

All “1” condition delayed x + 1/2 PN chips relative to
I channel epoch

Spacecraft oscillator
Delayed 1/2 PN chip period relative to I channel epoch

Same as Mode 1, I channel

Truncated 18-stage shift register sequences
Gold codes

NRZ-L, NRZ-M, NRZ-§, Bi¢-L, Big-M, Bi¢p-S

NRZ-L, NRZ-M, NRZ-S (see text)

Modulo-2 added asynchronously to PN code

Modulo-2 added asynchronously to PN code
PSK, + n/2 rad
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Table 12-12 (contd)

Parameter Definition
MA SSA KSA
. . 31 31 31

PN chip rate, chips/sec 330 % 96 X f 330 X 9€ X fi 1600 %96 * fi
Mode 1 data rate restrictions

Total 0.1 - 50 kbps 0.1 - 600 kbps | 1-600kbps

1 channel 0.1 - 50 kbps 0.1 - 300 kbps 1 - 300 kbps

Q channel 0.1 - 50 kbps 0.1 -300kbps | 1-~300kbps
Mode 2 data rate restrictions

Total 1 - 50 kbps 1 - 600 kbps 1-600 kbps

I channel 1 -50kbps 1 - 300 kbps 1 - 300 kbps

Q channel 1 -50 kbps 1 - 300 kbps 1 - 300 kbps
Mode 3 data rate restrictions

Total I+Q I+Q I+Q

I channel 0.1 - 159 kbps 0.1 - 300 kbps 1 -300 kbps

Q channel 1 kbps - 1.5 Mbps | 1 kbps - 6 Mbps | 1 kbps ~ 150 Mbps

Carrier (fl) reference, Hz

Modes 1 and 3

Mode 2

Data Group 2

Carrier (f:) reference, Hz

Data format
Data rate restrictions

Total
I channel
Q channel

Data modulation

240

240

1600

721 X Ik 221 X Ik 1465 * 'z
Spacecraft Oscillator
MA SSA KSA
240 1600
NA 221 R 1469 X IR
or or
Spacecraft Spacecraft
oscillator oscillator
NA See text See text
NA 1 kbps - 12 Mbps| 1 kbps - 300 Mbps
NA 1 kbps - 6 Mbps | 1 kbps - 150 Mbps
NA 1 kbps - 6 Mbps | 1 kbps - 150 Mbps
NA Quadriphase PSK| Quadriphase PSK
or BPSK or BPSK

For both Mode 1 and 2 operations, the return link can have either a single
telemetry data signal or two independent data signals. For a single data signal,
the identical data must appear simultaneously on the I and Q channels. For two
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independent data signals, one data signal will appear on the I channel, the other
on the Q channel. The I and Q channel power division in the user spacecraft
transmitter can be weighted up to a maximum weight of 1:4 for either a single
data signal or two independent data signals.

For Mode 3, the return link can have either a single telemetry data signal or
two independent data signals. For a single data signal, the data will appear only
on the Q channel while the I channel will be used for range tracking only. For
two independent data signals, one data signal will appear on the I channel and
the other on the Q channel. The I and Q channel power division in the user
spacecraft transmitter can be weighted up to a maximum weight of 1:4 for
either a single data signal or two independent data signals.

The DG2 return link can have either a single telemetry data signal or two
independent data signals. The I and Q channel power division in the user space-
craft transmitter can be either 1:1 or 1:4.

The use of convolutional data coding is mandatory for all MA configurations,
and the data rate restrictions given for the MA modes in Table 12-12 are for the
convolutionally encoded (rate 1/2) data symbols. Whenever Bi¢ formats are
specified, all data rate restrictions for all services must be reduced by a factor
of 2.

The choice of which data format should be used depends upon how the user
wishes the recovered data to be made available or channelized out of the TDRSS
WSTF. For the options available, [12-4, Section 3.3.3] should be consulted.

TDRSS S-band return link data modes are summarized in Table 12-13. An
example return link MA service link budget is shown in Table 12-14.

12.3.8 Ranging and Doppler

The TDRSS provides one-way doppler measurements and two-way range and
doppler measurements. One-way doppler measurements are available on return
channels for all mode and/or data group configurations. Two-way doppler mea-
surements are available to all user spacecraft for which the coherent transmit/
receive carrier frequency turnaround ratio is 240/221 for MA and SSA and
1600/1469 for KSA. Two-way range measurements are available to user space-
craft operating DG1 Modes 1 and 3 when the user transmitted PN code is time-
synchronized to the PN code received from the TDRSS.

The TDRSS will provide the following simultaneous tracking services on a
continuous basis:
(1) One-way doppler measurement for any 10 return links.

(2) Two-way range and doppler measurement for three MA links (includes
the in-orbit spare satellite).
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Table 12-13. Summary of TDRSS S-band return link data modes

Data Group 1 (DG1)

Mode 1

Mode 2

Mode 3

Comments

Type of service
Return link carrier

Code source:

I channel
Q channel

Ranging
I channel
Q channel

Data modulation
I channel
Q channel

Data rate restric-
tions (MA)
I channel
Q channel
Total

Data rate restric-
tions (SSA)
I channel
Q channel
Total

PN code chip rate
(MA and SSA)

PN code length

Multiple access (MA)

Coherent: 250/221 x fR

Stored PN
Stored PN

PN code epoch sync
Epoch synch + (x + 1/2 PN chip)

Modulo-2 added asynchronously
SQPN
SQPN

Convolutional coding
0.1 -50 kbps

0.1 - 300 kbps
0.1 - 600 kbps

0.1 - 50 kbps
0.1 -50 kbps
0.1 - 300 kbps

31 X
@ x9e < N1
10 _1)x 256

Multiple access (MA)

Noncoherent spacecraft
oscillator

Stored PN
Stored PN

Spacecraft oscillator
Epoch sync + (1/2 PN chip)

Module-2 added asynchronously
SQPN
SQPN

Convelutional coding
1.0 - 50 kbps

1.0 - 50 kbps
1.0 - 50 kbps

0.1 - 300 kbps
0.1 - 300 kbps
0.1 - 600 kbps

31

@ x9e *h

PALES |

MA requires SSA service
Coherent: 240/221 X fR
1 data channel 2 data channels

Stored PN Data
Data Data

PN code epoch sync
(Used for high-speed data)

Modulo-2 added asynchronously
SQPN
PSK ¢ #/2 rad

Convolutional coding

0.1 - 150 kbps
1.0 kbps - 1.5 Mbps
1+Q

0.1 - 300 kbps
1.0 kbps - 6 Mbps
1+Q

31
zaox96) * f1

@10-1)x 256

SSA service is ground
interface

fR = Forward link,
receiver phase-locked

Code epoch sync.: All
‘1" state on return link
synchronized with all
““1” state on forward link

SQPN = staggered quad-
riphase pseudo-noise (PN)

Data on I and Q channels
can be independent and
asynchronous; reduce rates
by 2 for biphase format

For SSA service, the mini-
mum spread bandwidth
shall produce a maximum
power flux density at the
earth’s surface which does
not exceed -151 dBw/m?
in any 4-kHz bandwidth
for angles from 0 to 5 deg
above horizontal

fl = transmit (return link)
frequency

All PN codes stored in
transponder




Table 12-14. Typical return link MA service link budget

BER 10-5
User EIRP, dBW EIRP

Space loss, dB -192.2
Polarization loss, dB -1.0

TDRS antenna gain at +13°, dB 28.0

Ps at output of antenna, dBW -165.2 + EIRP
TS (antenna output terminals), K 824

T; (due to direct other user interference), K 255

K(T + T, dBW/Hz -198.3
PS/K(TS + T;), dB-Hz 33.1 + EIRP
Transponder loss, dB -2.0
Demodulation loss, dB -1.5

PN loss, dB -1.0
Antenna beam forming loss, dB -0.5

User margin, dB -3.0
Required Eb/No’ dB (APSK) -9.9

FEC gain,R=1/2,K=7,dB 5.2
*Achievable data rate, dB 20.4 + EIRP

*This achievable data rate is the user’s information rate. It should not be confused with the
channel symbol rate, which is twice the information rate.

(3) Two-way range and doppler measurement for six SA links.

Figure 12-10 shows the general geometry involved between a user satellite
and the two TDRSS operational satellites and the WSTF. Range and range rate
are determined by measuring the time required for signals to propagate through
the closed loop from the WSTF, through a TDRSS satellite, turned around by
the user satellite’s transponder, and then back through the TDRSS satellite to
the WSTF. The TDRSS can also measure range and range rate using a loop from
the WSTF through one TDRSS satellite to the user and back through the other
TDRSS satellite to the WSTF. The latter mode requires the user satellite to see
both TDRSS satellites (a user satellite antenna coverage problem), but will gen-
erally provide improved position accuracy over the one TDRSS satellite mode.
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References

Springett, J. C., Space Shuttle Telecommunication Interfaces, Document
890-123, Jet Propulsion Laboratory, Pasadena, Calif., Mar. 15, 1981 (an
internal document).

“Special Issue on Space Shuttle Communications and Tracking,” IEEE
Transactions on Communications, Vol. COM-26, No. 11, Nov. 1978.

Springett, J. C., Tracking and Data Relay Satellite System Interfaces,
Document 890-124, Jet Propulsion Laboratory, Pasadena, Calif., Apr. 15,
1981 (an internal document).

Tracking and Data Relay Satellite System (TDRSS) User’s Guide, Docu-
ment STDN No. 101.2, Goddard Space Flight Center, Greenbelt, Md.,
Jan. 1980.

Performance Specification for Services via the Tracking and Data Relay
Satellite System, Document S-805-1, Change 1, Goddard Space Flight
Center, Greenbelt, Md., May 1979.

Holmes, W. M., Jr., “NASA’s Tracking and Data Relay Satellite System,”
IEEE Communications Society Magazine, Sept. 1978.

PN Codes for Use with the Tracking and Data Relay Satellite System
(TDRSS), Document STDN No. 108, Goddard Space Flight Center,
Greenbelt, Md., Dec. 1976.

596



Adverse tolerance, 18
AGC (Automatic Gain Control), 50,
101, 103, 105-111, 370
Allocation, of radio frequency bands,
518
Antenna
belt, 435
biconical, 435
clear aperture, 434
efficiency, 4, 7 )
gain, 3,4,6,7,419-421, 423-425,
429,439, 440
horn, 435
lens, 435
noise temperature, 442-443
offset, 434
pattern, 415
pointing, 6, 435, 438, 448, 525
reflector, 413-431
Viking orbiter, 429
Antipodal signaling, 24; see also
Modulation, PSK
Aperture efficiency, 421, 429,
blockage, 421, 422
taper, 421, 425
Arrayed system, 312-320
baseband, 312-314, 318-320
carrier, 312, 314-320
Assignment, of radio frequencies
frequency manager role in, 530
mission frequencies and, 529
process of, 529, 530
Astigmatism efficiency, 422
Atmospheres of planets, 138, 139
Atmospheric attenuation, 6, 443,
462-464, 483-485
Automated Office Data Center (AODC),
501,507
Axial ratio, 439-441

Band selection, radio frequency, 519
Bandpass limiter: see Limiter
Bands, for deep space research, 518
Bandwidth conversion factor, 527
Beamwidth
between first nulls, 419
half-power, 418, 431
Binary symmetric channel, 216-218
Bi-phase data format, 45, 46, 77, 81-84,
97, 102, 104, 105, 181, 284

Index

Bit synchronization and detection loss,
265,272-274
Block codes
Golay, 217-219
Hamming, 217
Reed-Solomon, 217, 219, 220,
248-264

Carrier channel, 387, 392
specification, 400
Carrier threshold, 8
Carrier tracking
drop lock, 531, 532
performance degradation, 523, 531,
532
CCIR: see International Radio
Consultative Committee
Channel
additive white Gaussian (AWGN),
203,219, 220
binary symmetric (BSC), 216, 217
Rayleigh, 261
Rician, 260
Channel plans, radio frequency, 519,
520
Channel selection, radio frequency
availability of channels for
co-channel operation and, 522
considerations for, 528
for new missions, 522
information needed for, 524
interference analysis for downlink,
524-527
interference analysis for uplink, 527
link performance in, 522
Charged particles, 139, 154
Circuit loss, 6
Codes, 211-264
block, 211-220; see also Block codes
concatenated, 219, 248-264
convolutional, 212, 219-264,
285-292,299-312
Golay, 217-219
nonsystematic, 222
Reed-Solomon, 217, 219, 220,
248-264
systematic, 215, 221, 222, 251
tree, 212
Code trellis, 327-331
Columnar electron density, 155



Command, 1, 3, 8,9, 11, 13, 14,
343-381
ambiguity resolution, 349, 366, 374
bit synchronization, 349, 350, 358,
364,368
carrier power suppression, 348, 349,
359, 360, 372
channel design control, 349,
375-379
channel specifications, 404
decoder, 344, 346
detector, 350
link data type, 492, 494
losses,360-364, 374
modulation index, 348, 349, 359,
372
modulator assembly, 346, 347
performance, 351, 360, 374, 523
prefix, 356-359, 372
processor assembly, 346, 347
subcarrier, 346, 347, 349, 364
waveform, 347, 359, 360
Command Detector Unit (CDU), 384,
385, 394-397
block diagram, 395, 398
NASA standard, 397, 409
specifications, 409, 410
Viking heritage, 394, 410
Comparison, link performance, 491,
492,501, 503-505, 507-509
Control and Data Subsystem (CDS), 387
Convolutional codes
bit error probability, 222-224,
285-287
correlated, 33-34
encoder, 220, 221
generator matrix, 30, 31, 33-35
NASA standard, 222
sequential decoding of, 228-248,
333-340
uncorrelated, 33, 37
Viterbi decoding of, 222-228
Costas loop, 49, 50, 72-118, 182,
277-281, 285, 288, 292
for BPSK modulation, 76-93
for QPSK modulation, 76, 77, 94-97
for UQPSK modulation, 76, 77, 97,
99-101
lock detector, 111-118

Data base, part of computer program,
503,504
Data bit rate, 8
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Decoder, command: see Command
decoder
Decoding; see also Code, Convolutional
codes
block code, 211-220
maximum likelihood, 216
sequential, 228-248
survivor in, 327-329
syndrome, 216
trellis for, 327, 331
Viterbi, 287, 299
Deep Space Network (DSN), 5,8, 9,
49,50,57,59,72, 86,97, 383,
397,491, 492,501, 509
command capabilities of, 344,
346-348
telemetry, 179, 182, 190, 195, 201,
240, 265, 312
Deep Space Stations
command capabilities of, 343-348,
359, 376
Degradation, weather and link, 461-481
Delay modulation (Miller code), 43-44,
46
Depolarization efficiency, 423
Design control table (DCT), 11-17, 168
assumptions, 169
sample, 12-17, 168, 171
Design value, 18
Differential encoding, 180, 222, 276,
277
Differential one-way range, 137
Digital recording assembly, 150
Diplexer, 397
Directivity, 419-421
Directivity pattern, 419; see also Pattern,
directivity
Doppler, 57-60, 127, 199, 209, 292,
298-312,593
biased, 140
counters, 140
frequency, 127-131, 159, 160
resolvers, 140
rate aiding, 147
thermal noise, 158, 159
DOR, 124,137
Drop lock, caused by interference, 531,
532
DRVID, 157, 158
DSN: see Deep Space Network

E-field, 439-441
Elevation angle of deep space stations,
462-469



Ellipticity pattern, 440; see also Pattern,
ellipticity
Error probability
bit, 203-206, 226-239, 256
block, 219, 254
susceptibility to interference, 535,
537
word, 254-259
Errors, 150
control, 168
instrumental, 161
plasma, 154
thermal noise, 158-160
Exciter, 393, 402

Fading channel, 259-26S5

Favorable tolerance, 18

Field intensity, 415-417; see also
Pattern, field

Frequency assignment: see Assignment

Galileo, 11-17, 50, 350, 384, 474, 475,
477
link design algorithm, 474
General relativity, 139
Golay codes, 217
block error probability, 219
Gold codes, 586
GPS, 49,97
Gravity fields, 138

Hamming distance, 215

Information Processing Center (IPC),
492,501
Instability, 161
path delay, 161, 162
reference oscillator, 161
Integrate and dump, 196-198, 277-282,
290
Interference from satellites
false warning of, 542
missed detection of, 542
prediction of, 530, 539-543
uncertainty of, 543
Interference, radio frequency
analysis for channel selection,
524-527
criteria for acceptable interference,
522
modes of, 522, 525
power of, 525,527
prevention and avoidance of, 543,
544
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protection criteria for, 539
Interference susceptibility, 530
carrier tracking, 532
effects resulting from, 531
models for, 530
saturation, 531
telemetry, 535
types of, 531
Interferometer effect, 443-446
International Radio Consultative
Committee (CCIR), 518
International Telecommunication Union
(ITU), 518
Isotropic radiator, 415, 441, 445
simplest antenna, 415
ITU: see International Telecommunica-
tion Union

Limiter, 50, 65-71, 86-94, 97, 194,
210, 226, 307, 317
Limiter suppression factor, 390-392
Link
command, 8,9, 13, 14
design, 6, 10
design criterion, 17, 21
equation, 6
performance, 10-17, 21
ranging, 9, 15, 16, 17
telecommunication, 6
telemetry, 8,9, 12, 13
Link configuration, as set of link param-
eters, 494, 501, 508
Link model, 468
combined weather and, 468, 469,
471
cumulative probability, 469
probability density, 472
Link parameters, communication, 494
Lock detector,
for command, 370-372
for suppressed carrier system,
111-118
Lunar Orbiter, 179

Main lobe, 417

Manchester: see Bi-phase data format

Mariner, 73, 384, 505

Mass of planet, 138

Matched filter, 201

MCD, 180, 222; see also Viterbi
algorithm

Metric data assembly (MDA), 140

Microwave hybrid, 386, 397

Microwave switches, 386, 397



Miller Code (delay modulation), 43-44,
46
Miniature transponder, 384, 387
Minor-lobe, 417
Mission Operations Control Center,
343-345
Modulation
double-sideband, 182
phase-reversal-keying, 181, 182
PSK or BPSK, 180-183, 188, 200,
222,274-277, 285,297,
298-312
QPSK, 76, 77,94, 183-188, 274,
280,297
SQPSK, 183-188
UQPSK, 76, 77,97, 188, 189, 274,
281-285, 288, 297, 298
Modulation Demodulation Subsystem
(MDS), 384, 385, 397
Modulation index, 181-183, 189, 318
command: see Command modulation
index
Multimission Command System,
343-345
Multipath, 167

NASA Ground Communication System
(NASCOM), 578
NASA standard command detector,
350, 364, 365
ambiguity resolution, 374
automatic gain control, 370
bit synchronization, 27-28, 349, 368
channel performance, 374
data detection in, 368
functional architecture, 364
lock detection, 370-372
operation, 364~372
signal power, 372
signal waveform, 364
subcarrier synchronization, 364
TDRSS, compatibility with, 364
NASA standard transponder, 364, 384,
387, 391, 393-397
Navigation, 127
Network Operations Control Center
(NOCC(), 501
NOCC Support Controller (NSC), 501
Noise spectral density, 5, 7, 442, 443
Noise temperature, 5, 7
Noisy-reference loss: see Radio loss
Non-return to zero (NRZ) data
format or signaling, 32-36, 41, 77,
81, 82,84,87,92,93,97, 102,
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103, 105, 116, 180, 181, 195,
284

Occultation data assembly, 150
Orbit determination accuracy, 131

Pattern
antenna, 415
co-polar, 417, 431
cross-polar, 417, 431
directivity, 419
ellipticity, 440
E-plane, 417
far-field, 415-417
Fresnel, 415-417
H-plane, 417
near-field, 415-417, 429
polarization, 439, 440
radiation, 415-420
Phase-locked loop (PLL), 8, 49-71, 73,
74,77, 158, 190, 208, 209, 224,
260,287, 298, 311, 319, 390-
392
closed-loop transfer function, 55, 56,
69
cycle slipping, 61-65
design point, 70, 71
hold-in range, 58, 59
loop bandwidth, 56, 57, 69
maximum sweep rate, 59
phase error variance, 60-62, 68
pull-in range, 58
threshold, 70
Phase-shift-keying (PSK), 5, 187, 203,
285,299, 348
Pilot tone, 182
Planetary ranging assembly, 137
Plasma, 139, 154
PN codes, 584-595
Pointing
control error, 435-438
error, 435-439
knowledge error, 438
loss, 6,438, 439
Pointing vector, 415-417, 419; see also
Pattern, power
Poisson, 60
Polarization, 150
efficiency, 439, 440
factor, 440
loss, 6,439-442
Power allocation, 183
Power flux density, 3
Power gain, 419, 420



Power Spectral Density (PSD), 23-42
continuous component, 27, 32,
34-37, 39
discrete component (line or spike
spectrum), 27-28, 33, 35, 38,
40-42
PRA, 137
Preamble, command: see Command
prefix
Prediction: see Interference prediction
Probability density function
Gaussian, 54, 201, 208, 217-220,
253
Poisson, 60
Rayleigh, 261-265
Rician, 260-265
Tikhonov, 205, 276
Protection ratio, interference, 523
Pulse code modulation, 180-182

Quadriphase shift keying (QPSK): see
Modulation
Quantization error, 161

Radiation efficiency, 419, 420
Radiation intensity, 415-417, 419, 420
Radiation pattern, 415, 419, 420
Radio frequency interference: see
Interference, channel selection
Radio Frequency Subsystem (RFS),
383-412
block diagram, 385, 386
description, 385-390
historical background, 383, 384
performance specification, 400-412
Radio loss, 205, 228, 265-269,274-
298, 299, 303
Radiometer data, 468
weather model parameters, 470
zenith noise temperature, 485-489
Radio science, 128
Radio tracking, 123
Ranger, 179
Ranging, 9, 15-17, 131, 387, 392
ambiguity, 32, 135
as data type, 492, 494
assembly, 137, 144
channel in spacecraft radio, 503, 504
channel specifications, 402, 403
code, 144
cross correlation, 133, 134, 147
demodulation assemblies, 144
Doppler rate aiding, 147
DRVID, 157, 158
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simultaneous, 132
thermal noise, 160
Received power, 4, 6
Receiver, 385, 387-392, 400-404
Reed-Solomon codes, 217-264
Regulations, radio, 518
Residual carrier system, 49, 50, 73,
182, 203; see also Phase-locked loop
Restricted bands, for deep space, 518,
519
RFI: see Interference, radio frequency

Satellite interference: see Interference
from satellites
SDA (Subcarrier Demodulation Assem-
bly) 179, 189-195
Sequential decoding, 228-248, 333-340
Shared bands, 518
Sidelobe, 417, 424, 425,431
Signal sources
Markov, 28-29, 43
N-ary Markov, 24, 43
random, 24, 25,27, 32-34
Signal-to-noise ratio (SNR), 5, 8,9
Solid State RF Amplifier (SSA), 384,
387, 393
specification, 404-406
Space loss, 6
Space Shuttle, 49,97, 557577
avionics, 559
command relay through, 566-569
telemetry relay through, 559
analog, 563, 566,577
digital, 563-566, 569-577
Spectrum management, 529, 530
Spectrum, radio frequency, 518
Spillover efficiency, 421
Squaring loss, 285
Squint efficiency, 422
SSA (Symbol Synchronization Assem-
bly), 180, 189-192, 195-200
Stationary sequences
cyclo-, 24-27, 29
wide sense (WSS), 23-24, 28-29
Strut blockage efficiency, 422
Study Group 2, CCIR, 518
Subcarrier, command: see Command
subcarriers
Subcarrier demodulation loss, 265, 268,
270-273
Subreflector, dichroic, 434
Suppressed carrier system, 49, 50,
72-118, 182, 188, 275-298; see also
Costas loop



Surface leakage efficiency, 423

S/X band transponder, 385, 387-393

Synchronous Data Pulse Stream, 23-24,
27, 39

TDRSS: see Tracking and Data Relay
Satellite System
Telecommunications On-Line Processing
System (TOPS), 501, 504
Telecommunications Performance
Analysis System (TPAS), 492, 501,
503
Telecommunications Prediction and
Analysis Program (TPAP), 19, 492,
501, 503,504
Telemetry, 1, 3,8,9, 11-13, 179-341
channel, 393
channel specification, 403, 404
coded: see Codes
performance degradation of, 523
susceptibility to interference, 535
uncoded, 200-206, 269, 272285,
298, 299
Telemetry Modulation Unit (TMU), 385
387, 397
block diagram, 399
specifications, 410, 411
Thermal noise, 158
doppler, 159
ranging, 160
Tikhonov, 205, 276
Tracking, 1, 3,9, 11,123
description of system, 124
errors, 150, 152
measurements, 140
one-way, 126
three-way, 127
two-way, 127
two-way-non-coherent, 127
Tracking and Data Relay Satellite
System (TDRSS), 49, 97, 397, 578-
595
Ku-band single access service, 578—
587, 589-595
multiple access service, 578-595
orbital coverage, 579
ranging and Doppler, 578, 585,
593-595
S-band single access service, 578,
579-593
Trajectory, as link data type, 494, 498,
499
Transmitted power, 3, 4

>
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Traveling-Wave Tube Amplifiers
(TWTA), 384, 387, 393, 394,
404-406

specification, 404-406
Traveling-Wave Tube,S-band, 384, 394,
404-405

Traveling-Wave Tube,X-band, 394,
404-406

Treaty, for international radio regula-
tions, 518

Troposphere, 152

Two-way system, 59-69, 206211,
228-239

Unbalanced QPSK (UQPSK): see
modulation

Uplink carrier, as link data type, 494

Uplink, one-way interference, 523, 524

Very Long Baseline
Interferometry, 135, 138, 150
bandwidth synthesis, 137
cross correlation, 135
delay resolution function, 136
fringes, 136
narrow- and wide-band, 137
Viking Heritage command detector,
350-364
bit synchronization, 350, 353, 358
channel performance, 360-364
data detection, 351, 356, 359
detection algorithm, 350-358
lock detection, 350, 356
prefix, 356-359
signal power, 359, 360
signal waveform, 359, 360
subcarrier synchronization, 350, 353,
356,358
Viking Mission, 384, 393, 394, 410
Viterbi, 287, 299, 303
Viterbi algorithm, 327-332
VLBI, 135, 138, 150; see also Very
Long Baseline Interferometry
VOIR, 49, 97
Voltage Control Oscillator (VCO), 54,
387
Voyager, 4, 50, 350, 384, 387, 434

Waveform distortion, 167
Waveform distortion loss, 265, 268,
274,275
Weather
clear, 18



dry, 18

effects, 17

x-percentile inclement, 18
Weather model, stochastic, 464-469

cloud cover parameters, 467

cumulative probability, 465

probability density, 465
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White Gaussian noise (or white Gaussian
channel), 54, 201-203, 208, 217~
220,253

White Sands Test Facility (WSTF), 578,
588,595

Zenith cloud attenuation, 483-485






